Vapor-grown carbon nanofibers ͑VGCFs͒ coated with highly regulated nickel oxide nanoflakes are deposited onto the stainless steel substrate by one-step anodic deposition in a plating bath containing surfactant ͓sodium dodecyl sulfate ͑SDS͔͒. The adsorption of SDS on the VGCF surface improves the dispersion and electrodeposition of VGCFs in an aqueous electrolyte. Electrodeposition of VGCFs is accompanied by anodic deposition of nickel oxide nanoflakes on the surface of substrate and VGCFs. Nickel oxide appears to be suitable as a conducting binder for attaching VGCFs. A NiO-coated VGCF electrode exhibits excellent capacitive behavior compared with a bare NiO electrode, resulting from the enhanced electrical conductivity. Vapor-grown carbon nanofibers ͑VGCFs͒ have turned out to be of great importance in the composite electrodes for batteries [1] [2] [3] [4] [5] [6] and electrochemical capacitors 7-12 due to their high electrical conductivity and good corrosion resistance in many electrolytes.
Vapor-grown carbon nanofibers ͑VGCFs͒ have turned out to be of great importance in the composite electrodes for batteries [1] [2] [3] [4] [5] [6] and electrochemical capacitors [7] [8] [9] [10] [11] [12] due to their high electrical conductivity and good corrosion resistance in many electrolytes. 1 A previous result has shown that the electrical conductivity of a composite electrode is greatly improved by the addition of a small amount of VGCF into the composite electrode due to the formation of a threedimensional networklike composite electrode. 2 VGCFs are graphitized carbon fibers and have a high length/diameter ratio, so they tend to form a networklike architecture for facilitating the electron transport within the composite electrodes. 1, 13, 14 A disadvantage of preparing the VGCF composite electrodes is that the nanosized VGCF powder is more difficult to disperse in an aqueous slurry with polymer binder in the absence of dispersing agents. The role of a polymer binder in a composite electrode is to bind active materials to the substrate. Increasing the amount of polymer enhances the adhesion strength of the electrode, but at a disadvantage of decreasing the electrical conductivity of the electrode. 15 Electrodeposition of polymer binder-free VGCF/Cu and VGCF/Ni composites on the metal substrates from aqueous solutions has been explored by Arai and Endo, 16 Wang et al., 17 Arai and Endo, 18 and Wang et al. 19 They indicated that the incorporation of VGCFs into the composite suffers from difficulty in the dispersion of VGCFs in aqueous electrolyte due to the aggregation of VGCFs, forming packed ropes or entangled networks. 19 To overcome the aggregation of VGCFs, dispersing agents such as cationic polymer and polyacrylic acid were added to the plating path. [16] [17] [18] [19] In this work, a polymer binder-free nickel oxide/VGCF is deposited onto the stainless steel ͑SS͒ substrates by one-step anodic electrodeposition in the VGCF suspension containing nickel salt and anionic surfactant. The anionic surfactant acts as dispersing and charging agents for VGCFs during anodic electrodeposition. In addition, the electrochemical performance of the deposited electrodes is analyzed.
Experimental
The VGCFs were purchased from Showa Denko K.K. ͑Tokyo, Japan͒ and were graphitized VGCFs with a specific surface area of 13 m 2 g −1 , an average external diameter of 150 nm, and an average length of 15 m. VGCF decorated with nickel oxide nanoflakes was carried out on the SS foils ͑2 ϫ 2 cm͒ by applying an anodic current density of 0.5 mA cm −2 in a VGCF ͑1 mg͒ suspension containing 1 mM sodium dodecyl sulfate ͑SDS͒, 0.13 M sodium acetate, 0.13 M nickel sulfate, and 0.1 M sodium sulfate. 20, 21 All chemicals were analytical grade and were used without further purification.
The plating bath was stirred by a Teflon stir bar on a magnetic hot plate during anodic electrodeposition. After deposition, the resultant brown films were rinsed several times in deionized water and then dried at 300°C for 1 h in air. All electrochemical experiments were carried out using a potentiostat ͑CH Instruments CHI 608, Austin, TX͒ in a beaker-type electrochemical cell equipped with the working electrode, a platinum counter electrode, and a saturated calomel electrode. The geometric area of a platinum counter electrode was 2 ϫ 2 cm.
The capacitive behavior of the deposited electrodes after annealing was determined by cyclic voltammetry ͑CV͒ in 1 M KOH solution. The electrodes were cycled at different scan rates using a potentiostat/galvanostat ͑CH Instruments, CHI 608͒ in a potential range of 0-0.45 V vs Ag/AgCl ͑saturated͒ electrode. The surface morphology of the deposited electrodes was examined with a fieldemission-scanning electron microscope. The nanostructure of the VGCFs coated with nickel oxide nanoflakes was examined using a transmission electron microscopy ͑TEM, JEOL JEM-1400, Japan͒ with an accelerating voltage of 200 kV. The TEM specimen was prepared by the following procedure: The VGCFs coated with nanoflakes were stripped off and dispersed in ethanol with ultrasonic vibration for 5 min. A drop of the supernatant was then transferred onto a standard holey carbon-covered-copper TEM grid. Figure 1 shows a schematic of anodic deposition of nickel oxide nanoflakes on the VGCFs and SS substrate. The VGCFs are welldispersed in an aqueous electrolyte of nickel sulfate in the presence of surfactant ͑SDS͒. The hydrophobic group of SDS tends to adsorb onto the surface of VGCF ͑hydrophobic surface͒, while the hydrophilic group of SDS has sufficient affinity to water forming the hydrophilic surface on the VGCFs. The role of nickel ion in the electrolyte is to reduce the electrostatic repulsion force between the charged groups of SDS at the surface of VGCFs, therefore, increasing the adsorption amount of SDS on the VGCF. The self-assembly of SDS on the VGCF results in a good dispersion of VGCFs in aqueous electrolyte. The VGCFs without surface modification like acid treatments are difficult to disperse in aqueous electrolyte in the absence of surfactant ͑SDS͒ due to the aggregation of VGCFs.
Results and Discussion
The negatively charged VGCFs resulting from the adsorption of SDS can be deposited onto the SS substrate under an applied anodic potential. The deposition of VGCF is due to the electrostatic field of the deposition system. Some nickel ions adsorbed on the negatively charged SDS/VGCF can be deposited on the VGCF forming porous nickel oxyhydroxy film. The VGCF has high electrical conductivity in nature, which allows electron to conduct from the SS substrate to
where v is the scan rate ͑V s −1 ͒, i is the anodic or cathodic current density ͑A g −1 ͒, V is the applied potential ͑V͒, and ⌬V is the potential window ͑V͒. The calculated specific capacitance of the NiO/ VGCF electrode at a scan rate of 10 mV s −1 reaches as high as 465 F g −1 ͑including the weight of VGCF͒, which is 4 times larger than that of the bare NiO electrode ͑112 F g −1 ͒. This much improved capacitive behavior may be attributed to the high electrical conductivity of VGCFs, which reduces the electron conducting resistance and facilitates the charge-transfer reaction of NiO. The redox peaks may presumably come from the redox reactions between NiO and NiOOH in an alkaline solution as 23, 24 NiO + OH − ↔ NiOOH + e −
͓2͔
In addition, the CV curve of the VGCF ͑after heating at 300°C for 1 h in air͒ electrode in 0.5 M KOH aqueous solution was scanned for comparison, as revealed in Fig. 3 ; the capacitance is very low ͑less than 2 F g −1 ͒. Conclusively, the capacitance comes mainly from the NiO rather than the VGCF. The ratio of pure double-layer capacitance ͑from VGCF͒ to pseudocapacitance ͑from NiO/VGCF͒ is less than 1%, meaning that the capacitance of the VGCF electrode is negligible compared with that of the NiO/VGCF electrode.
The capacitance response of an electrode during high rate charging and discharging ͑or high rate CV scan͒ is a crucial factor for electrochemical capacitor because of the high power demand from portable electronic devices and electric vehicles. Figure 4 shows the specific capacitance of the bare NiO and NiO/VGCF electrodes at various scan rates. Clearly, both the NiO and NiO/VGCF electrodes have a higher capacitance at low scan rate than those at high scan rate. The NiO/VGCF electrode has the highest specific capacitance even in high scan rate, suggesting that the rate of faradaic reaction on the surface of NiO/VGCF is fast enough to maintain the current response during high rate scan. The specific capacitance is decreased very slightly by increasing the scan rate, representing an excellent high rate capability of the NiO/VGCF electrode. High capacitance retention may result from the incorporation of high conductivity VGCF into the composite electrode.
Conclusion
When adding SDS into the VGCF suspension, the hydrophobic group of SDS is adsorbed on the surface of VGCF, forming hydrophilic and more negatively charged surface. The self-assembly of SDS on the VGCFs improves electrodeposition and dispersion of VGCF. During anodic deposition, Ni 2+ ions adsorbed by the negatively charged SDS can be oxidized and deposited on the VGCF surface forming highly regulated nickel oxyhydroxy nanoflakes. The role of nickel oxyhydroxy is a conducting binder to bind VGCFs together and a faradaic capacitor to store much more capacitance. The well-distributed networklike VGCF provides good electrical conductivity for facilitating the redox reaction of nickel oxide nanoflakes. The specific capacitance of the NiO/VGCF electrode at a scan rate of 10 mV s −1 reaches as high as 465 F g −1 , which is 4 times larger than that of the bare NiO electrode ͑112 F g −1 ͒. 
